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Abstract— Accompanying the unceasing progress of integrated
circuit manufacturing technology, the mainstream production
mode of current semiconductor wafer fabrication is featured with
multi-variety, small batch, and individual customization, which
poses a huge challenge to the scheduling of cluster tools with
single-wafer-type fabrication. Concurrent processing multiple
wafer types in cluster tools, as a novel production pattern, has
drawn increasing attention from industry to academia, whereas
the corresponding research remains insufficient. This paper in-
vestigates the scheduling problems of dual-arm cluster tools with
multiple wafer types and residency time constraints. To pursue an
easy-to-implement cyclic operation under diverse flow patterns,
we develop a novel robot activity strategy called multiplex swap
sequence. In the light of the virtual module technology, the work-
loads that stem from bottleneck process steps and asymmetrical
process configuration are balanced satisfactorily. Moreover, sev-
eral sufficient and necessary conditions with closed-form expres-
sions are obtained for checking the system’s schedulability. Fi-
nally, efficient algorithms with polynomial complexity are de-
veloped to find the periodic scheduling, and its practicability and
availability are demonstrated by the offered illustrative examples.

Index Terms—Cluster tools, multiple wafer types, scheduling, semi-
conductor manufacturing, wafer fabrication.

NOMENCLATURE
N* {12, .}
N}’l {1,2,,.,,}’1}.

Manuscript received February 10, 2020; accepted March 22, 2020. This
work was supported in part by the National Natural Science Foundation of
China (71361014, 61973242, 61573265, 51665018) and the Major Funda-
mental Research Program of the Natural Science Foundation of Shaanxi
Province (2017ZDJC-34). Recommended by Associate Editor MengChu
Zhou. (Corresponding author: Hesuan Hu and Chunrong Pan.)

Citation: J. P. Wang, H. S. Hu, C. R. Pan, Y. Zhou, and L. Li, “Scheduling
dual-arm cluster tools with multiple wafer types and residency time con-
straints,” IEEE/CAA J. Autom. Sinica, vol. 7, no. 3, pp. 776-789, May 2020.

J. P. Wang is with the School of Mechano-Electronic Engineering, Xidian
University, Xi’an 710071, China (e-mail: jp.wang@stu.xidian.edu.cn).

H. Hu is with the School of Mechano-Electronic Engineering, Xidian Uni-
versity, Xi’an 710071, China, and also with the School of Computer Science
and Engineering, College of Engineering, Nanyang Technological University,
Singapore 639798, Singapore (e-mail: huhesuan@gmail.com).

C. R. Pan is with the School of Mechanical and Electrical Engineering, Ji-
angxi University of Science and Technology, Ganzhou 341000, China (e-
mail: crpan@jxust.edu.cn).

Y. Zhou is with the School of Computer Science and Engineering, College
of Engineering, Nanyang Technological University, Singapore 639798,
Singapore (e-mail: y.zhou@ntu.edu.sg).

L. Li is with the School of Mechano-Electronic Engineering, Xidian Uni-
versity, Xi’an 710071, China, and also with the Department of Information
Engineering, Electrical Engineering and Applied Mathematics, University of
Salerno, Fisciano 84084, Italy (e-mail: liangli@stu.xidian.edu.cn).

Color versions of one or more of the figures in this paper are available on-
line at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JAS.2020.1003150

lﬁo‘R
wﬂy

@ p

ﬁ/ly

§ Au
f Au
na

Ropt

N, u {0}.
Ni\Ng—,.
{/l eNy, e an Qv < ‘PLmax}'
{4 e Ng, e Ny, QU 2 QLmax -
{1,2, .., pu) -1}
W0, py + 1, ., u 13
{uja :uj + 1’ ) n/l}'
The number of the total wafer types.
The number of the total shared types.
The number of the total shared process steps.
The number of wafer type A in the fabrication order.
The number of the added virtual wafer of type A.
The number of parallel processing modules (PMs) of
wafer type A at process step u, 4 € Ny, e N,.
The number of the total process steps of wafer type A,
A e Ng.
Cycle time of the system.
Cycle time of the robot in the oth subcycle, o € N,,.
Cycle time of wafer type A at process step u, 4 €
Ni, pe an
Wafer processing time of type A at process step u, A €
Ny, pe Nn/{-
The longest permissive time a wafer of type 1 can
stay at process step u after being processed.
The time needed for the robot to unload/load a wafer
from/into the PM or loadlock (LL).
The time needed for the robot to move between
different modules.
The time needed for performing the simple swap
operation at a process step.
Wafer sojourn time of type A at process step u, A €
Ny, ue Nn/l-
Robot waiting time at process step u of wafer type A
before the swap operation, A € Ny, u e N,,.
Robot waiting time at process step u of wafer type A
during the swap operation, 4 € Ny, € Ny,.
The coefficient with respect to the shared behaviors, A
€ N, e Ny,
The coefficient with respect to the internal virtual
modules, 1 € Ny, e N,,.
The coefficient with respect to the external virtual
modules, 1 € Ny.
The optimum quantitative proportion of the entire
wafer types.
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I. INTRODUCTION

N semiconductor manufacturing industry, cluster tools are

the most fundamental equipment. For the sake of a higher
tool utilization rate and a higher production yield rate, the ma-
jority of wafer manufacturers apply cluster tools in various
wafer fabrication processes. Particularly in the cutting-edge
fabs, about 70%~80% of the wafer fabrication procedures,
such as wafer cleaning, etching, and deposition, are per-
formed in cluster tools [1]. Owing to the interior space restric-
tion, a typical radical-type cluster tool is generally composed
of several single-wafer processing modules (PMs, also called
processing chambers), a wafer transfer module (TM, also
called wafer-handling robot), and two loadlocks (LLs). All
these modules are mechanically connected together and ma-
nipulated by the industrial computer. PMs process wafers, TM
executes wafer loading, unloading, and transportation among
different modules, and LLs load/unload wafer cassettes. De-
pending on the robot structure, cluster tools are classified into
the single- and dual-arm cluster tool (see Fig. 1). Furthermore,
a couple of individual cluster tools can be interconnected
through buffer modules in linear or treelike topology architec-
ture to form a multi-cluster tool [2]-[4].

single-arm robot
dual-arm robot

loadlock

Fig. 1.
dual-arm cluster tool.

Cluster tools with four PMs. (a) A single-arm cluster tool; (b) A

Cluster tools are a sort of integrated equipment that provides
a fully automated job shop manufacturing environment with
vacuum conditions. More importantly, it is a big-ticket item
ranging in price from hundreds of thousands to millions of
dollars per tool [5], which consumes huge investments and
production costs. Thus, it is of great necessity to operate
cluster tools efficiently for reducing production costs. Great
works regarding the modeling, analysis, and performance
evaluation of cluster tools have been conducted [2], [3],
[6]-[9]. Meanwhile, it is usually taken for granted that the
nature of the operation of cluster tools is to schedule the robot
activities due to its domination in PM activities [8]. An
indisputable fact that the time taken for wafer processing in
PMs is much longer than that for robot activities has been
acknowledged by the most of the past research with regard to
cluster tools. Thus under most circumstances, cluster tools
operate in the process-bound region, where the robot has idle
time and the wafer processing in PMs determines the system
cycle time. In addition, the backward and swap sequences
show their efficiencies in operating single- and dual-arm
cluster tools respectively [6]. Nevertheless, the complex

restrictiveness, stemming from the equipment architecture,
wafer recipes, and temporal logic, poses significant challenges
to the scheduling of cluster tools. Over the past decades,
researchers conducted extensive prominent studies with
respect to scheduling cluster tools under diverse instances,
including wafer residency time constraints (WRTCs)
[10]-[15], activity time variation [16]-[20], wafer revisiting
processes [21]-[27], PM failures [28], [29], chamber cleaning
operation [1], [30]-[32], and multi-cluster tools [33]-[42],
which are thoroughly reviewed in [43]. Moreover, the latest
advancements can be found in [44], [45]. Note that all the
aforementioned works are dedicated to the scheduling and
control problems of single-wafer-type fabrication.

With the rapid improvements of integrated circuit (IC)
manufacturing technology, the wafer size has increased up to
300 mm even 450 mm; besides, main leading-edge IC
fabricators have stepped into 14 nm technology node, thus
facilitating the reduction of wafer lot size. To respond to the
customer order as quickly as possible, wafer manufacturers
have to frequently switch wafer lots with a higher rapidity. If
switching wafer lots with the off-line way, there is little
prospect of minimizing the system’s makespan due to the
repeated equipment shutdown for computing schedules and
adjusting PMs [46]. If, instead, switching wafer lots with the
on-line way, it does not need to close and adjust cluster tools
frequently [47]. However, it remains an inefficient
methodology due to the multiple occurrences of transient
processes. For the transient process scheduling, its
intractability in the solvability and enforceability is
aggravated by the frequent state evolution, even though there
has been some corresponding studies [48]-[53]. Meanwhile,
the idleness of some PMs can hardly be avoided within each
switching process, and this reduces the tool’s efficiency. In
addition, despite the fact that existing research has made
efforts so as to switch two different wafer lots in real-time,
none of them provides a feasible integrated resolution for the
scenarios with more than two lots. In brief, the intractable
issues outlined in above can scarcely be solved via the
resolutions for cluster tools with single-wafer-type fabrication.
As a consequence, to tackle with these issues, novel
approaches need to be explored.

Recently, the leading fabs attempt to process several wafer
types in a cluster tool concurrently. Such a novel wafer
fabrication mode shows promising prospects on handling the
new scheduling challenges caused by the shrinking wafer lot
size. By considering that two different wafer types are
processed in the cluster tool concurrently, the corresponding
scheduling problems have been discussed in [54], [55]. Lee et al.
[54] assume that there is no PM shared by the two wafer
types, and then present efficient heuristic scheduling rules to
determine the optimal robot activity sequence. A mixed
integer programming model is established for minimizing the
cycle time, when the developed conditions do not hold. Later,
Lee et al. [55] extend their previous results in [54] to the tool
environment where a single PM is shared by two different
wafer types. By combining both the alternating and the
conventional robot activity sequence, a heuristic algorithm is
proposed for operating the robot in the general cycle. Ko et al.
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[56] investigate the scheduling problem for the dual-arm
cluster tool that concurrently processes multiple wafer types
with identical flow patterns but different process times at each
process step. This is a more common practice of concurrent
processing in actual fabs. Looking back to the existing works
[54]1-[56], the commonality is that none of them takes WRTCs
into consideration when addressing the concurrent processing
problems. In our earlier work [46], we investigate the
concurrent processing of multiple wafer types in a single-arm
cluster tools. We place little restriction on the number of the
entire wafer types and the flow pattern of each wafer type, i.e.,
the concurrent processing of multiple wafer types conducted
in [46] includes, but is not limited to, the instances that have
been discussed in [54], [55]. Meanwhile, we take WRTCs as
the core condition in [46]. As known, compared with single-
arm cluster tools, dual-arm ones have higher productivity
[5T-8], [43]. Notwithstanding this, corresponding issues have
not been extended to dual-arm cluster tools platform.
However, the approach for single-arm cluster tools presented
in [46] cannot be applied in dual-arm ones due to diverse
differences including in the structure and resource behaviors.
Thus, it remains an open problem and deserves exploring
novel methodologies.

In this paper, we focus on the scheduling problems of dual-
arm cluster tools with multiple wafer types. To improve the
effectiveness and adaptability in engineering practice, we
integratedly take several constraints into consideration
including WRTCs, diverse flow patterns, and quantitative
proportion. Considering them together in this paper, we make
threefold contributions: 1) present a novel robot operation
strategy that reveals effectiveness for the simplicity of its
enforcement and the flexibility of tackling with intricate
combination of flow patterns; 2) derive several necessary and
sufficient conditions with closed-form expressions for
verifying the system’s schedulability; and 3) develop efficient
algorithms with polynomial complexity for computing the
optimal cyclic schedule when the system is schedulable.

The rest of this paper is organized as follows. Section II
introduces necessary backgrounds on the concurrent
processing of multiple wafer types in dual-arm cluster tools.
Section III proposes a novel robot activity sequence to enforce
cyclic operation, and then analyzes temporal properties and
systematic workloads. Section IV discusses the schedulability
criteria and presents efficient algorithms for finding the cyclic
scheduling. Section V offers several examples to demonstrate
the proposed methodology’s efficiency and its enforcement
method. Finally, Section VI summarizes this paper and
suggests possible extensions.

II. PROBLEM PRELIMINARIES

For the dual-arm cluster tool scheduling, there are
alternative operation strategies, including dynamic (or real-
time) and static (or off-line) dispatching rules of the robot
activities. The dynamic strategy usually results in aperiodic
operations, unpredictable robot activities, complex
computation, and intractability in scheduling implementation,
even though the corresponding optimizing issues can be
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heuristically performed via computer simulation. With the
static strategy, a schedule can be obtained in advance based on
the operation objectives and requirements. In other words,
such a strategy pursues cyclic operation, i.e., the robot repeats
identical work cycle and so does each PM. Cyclic operation
outperforms the aperiodic one thanks to various merits, such
as reduced scheduling complexity, predictable behavior, less
work-in-progress inventory, improved throughput, and steady
(or periodical) timing patterns. Thus, this paper is devoted to
the cyclic scheduling of dual-arm cluster tools with multiple
wafer types and WRTCs.

A. Problem Definition

The problem investigated in this paper is the concurrent
processing of multiple wafer types in dual-arm cluster tools.
For the basic positioning, each wafer type has individual
recipe and quantity. Meanwhile, WRTCs within PMs are
considered. In practice, it remains possible that some wafer
types possess several identical process steps that demand the
same operation and conditions, i.e., processing technology,
processing time, and WRTCs. To maximize the utilization of
module resources, tool engineers would assign the same PMs,
namely the shared PMs, to different wafer types for
performing these identical process steps. For simplicity, we
designate the wafer type with (resp., without) shared PMs as
the shared (resp., non-shared) type, the process step with
(resp., without) shared PMs as the shared (resp., non-shared)
process step as well. Then, for the problem defined in this
paper, we can provide a unified description, i.e., a production
order is composed of k wafer types, y ones of which are the
shared types, where k e N*\{1}, N* = {1,2, . },andy e N} =
{1, 2, .., k}. Let ky denote the quantity of wafer type A. Then,
the total quantity of a production order with k£ wafer types is
Zﬁzlm, A e Ng.

In general, the wafer technological process is described as
the wafer flow pattern (WFP). Excluding revisiting processes,
a general single type wafer flow pattern is defined as (m, my,
... M) [11], where m; denotes the number of parallel PMs at
process step i, i € N, and n is the number of process steps.
Corresponding to the single type WFP, the definition for the
multi-type one should have the capability to describe the
recipe of each wafer type. In addition, the PM sharing
behavior should be characterized in an appropriate way. Based
on the specification introduced in [46], the WFP for multiple
wafer types can be defined as {(m1y, mi2, ..., miy,), (M21, M2,

o M2py), s (M)l Mg—y)2s oo M=y, )y (Mig—y+ 1)1,
m(k—’y+1)2> ) [m(k_‘y_"l)uli—yﬂ], e [m(k_7+1)ﬂlz—7+l], e
[m(k—y+1)ﬂ;7y+l], oo MysDmyyy)s (Mk—y2)15 M—y42)2, ..
[m(k_7+2)/‘1{»-y+ | - [m(k_y+2)ﬂi—‘y+2], s [m(k77+2)yi_y+2]7 s
m(k—)/+2)nk_7+2i e (mkla mp2, ..., [mk’u}{]’ e [mkyl% 5 eew

[mk#i_w], ..» My, )}, where ny (4 € Ny) is the number of the
total process steps of wafer type A, my, (4 € N, u e N,,) is
the number of parallel PMs of wafer type A at the non-shared
process step u, and m A0 (4 € Ny\Ng—,, 6 € Ny) is the number
of parallel PMs of wafer type A at the shared process step u‘j,
i.e., the dth process step with shared PMs. In this definition,
we adopt the square bracket “[ ] to mark the shared process
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steps. In addition, & denotes the number of the entire shared
process steps. Thus, & < min{ng_y+1, Mg—y+2, .., Ak}, 1€, € €
11,2, .., min{ng_yy1, Rgys2, .. RkS S

B. Activity Description

To schedule a cluster tool, it encompasses two properties,
i.e., the performing activity sequence and time in such
manufacturing systems. As pointed out in Section I, the swap
operation is an efficient strategy for the dual-arm cluster tool
scheduling. Based on the swap strategy at process step y of
wafer type A, the robot will perform the following activity
sequence: move to process step 4 — wait for a completed
wafer at process step u — swap-with-wait at process step u.
Let 1), represent such events executed by the robot. Further,
let T4 €D T2 ; denote that after executing Y y;, events Y ai41),
T ai+2), ... Ya;j will be successively followed. Then, we have
T,U @ T/lj = T,u — T/l(i+1) — ... T,{j, where A € Nk, i, ] €
N*tandi<j.

Time is taken for both PMs and robot activities. Let a,,
denote the process time of wafer type A at process step p. Due
to the residency time constraints, the wafer of type 4 must be
unloaded within §,, time units at most after its completion in
the PM at process step u. This implies that the wafer sojourn
time 7, must fall into the time interval [, ai + Bal, 1-€.,
Tau € [@ay, @au + Baul- As the fact that the loadlock has no
processing function, we thus have ap = 0 and 7,9 € [0, +0).
As done in [11]-[14], [21], [56], we assume that: 1) the time
taken for loading a wafer is the same as that for unloading,
denoted as p, and 2) the time taken for the robot to move
among any two different modules is identical, denoted as 6.
Such assumption is universally accepted since the variability
of these activities is marginal, and their operation times are
much shorter than the wafer processing time in practice. In
addition, when the robot rotates to the process step u of wafer
type A for performing the swap operation, the wafer may
remain being processed in the PM. To make the schedule
feasible, the robot may need to wait some time units before or
during the swap operations, which are denoted as wfﬂ and
w’jﬂ, respectively. Assume that it takes & time units for
performing a simple swap operation at a process step. Then,

the time taken for performing Yy, is 6 + o?

R
/m+7r+w/m.

III. SCHEDULING ANALYSIS

In this section, we introduce a novel robot activity strategy
for achieving the cyclic fabrication of multiple wafer types in
cluster tools without difficulty. On the basis of the analysis of
the process step in temporal and workload properties, we
present approaches to compute corresponding cycle times and
to balance systematic workloads.

A. Multiplex Swap Sequence

It follows from the discussion with respect to the concurrent
processing of multiple wafer types in the single-arm cluster
tool that the production processes of each wafer type are
mutually independent [46], likewise in the dual-arm cluster
tool. This provides a holistic perspective combining the local
and global cycle to examine the fabrication processes of

different wafer types. As described in the multi-type WEP, the
raw wafers include two parts. One is the k—7y non-shared
types, while another is the y shared ones. Assume that the
shared types enter the tool before the non-shared ones. Then,
the wafer type release sequence is [the shared types] — [wafer
type k—vy] — [wafer type k—y—1] — ... — [wafer type 1].
However, according to the structural characteristics revealed
by the multi-type WFP, we can safely draw a conclusion that
the shared types have shown a parallelized structure mutually
from the global perspective. Therefore, based on the first-in
first-out principle, the wafer type release sequence in the
global cycle composed of y subcycles is : {[the shared types]x
— [wafer type k—7y] — [wafer type k—y—1] — ... — [wafer
type 1]} — {[the shared types]y-; — [wafer type k—y] —
[wafer type k—y—1] — ... — [wafer type 1]}, — ... — {[the
shared typesls—y+1 — [wafer type k—y] — [wafer type
k—y—1] — ... — [wafer type 1]},, where the subscript o, o
€ N,, in “[the shared types],” indicates that the wafer being
processed in the final shared process step is the oth type.
Thus, the system will evolve to its initial state after y
subcycles.

In an arbitrary global cycle, the non-shared types are
processed y times with an identical sequence, while the shared
ones require to be dynamically executed in each subcycle with
different sequences. Let PS,,, 1 € Ni, u ¢ N,,,, denote the uth
process step of wafer type A. Specially, the LLs can be treated
as a process step, denoted as PS,g. Let Fil_)j represent the
process step sequence for wafer type A from the ith to jth
process steps, i.e., F;_)j =PSy; — PSyis1) — --- — PS,;. For
the non-shared types, according to the swap-with-wait

operation, the robot will execute process steps sequentially in

0—ny 0—ny —Ng—y
] -1, a4 As

for the shared types, their fabrication mechanisms are more
complicated. Due to the parallelized structure and identical
manufacturing parameters at the shared process steps, each
shared PM conducts a different wafer type and configures a
permutation in the light of the first-in first-out rule. Thus, in
the oth subcycle, wafers being processed from the first to the
final shared process steps are Wy 1), Woo2)s ..o Wooss)s . o
Wa(re) respectively, where W, indicates the wafer of the Ath
type. Note that ¢ is equal to k—{(e+0 —6|y)+1, where
(e+0—0dly) is equal to y when €+0 —¢ is divisible by 7;
otherwise, (¢+0 —4ly) is the remainder of e+o -4 by
dividing y. In two unbiased adjacent shared process steps, the
process step chain composed of the identical wafer type
satisfying the latter instance will be chosen to execute. In the
oth subcycle, thus, the robot will execute the Jprocess steps of

1
l—f‘ﬂ(a—,O) “Hyr0) ! R
Ho,0)

each subcycle as follows: I" - ... Fg

the shared types sequentially as follows:

| S £ nge
T

By this point, the robot operation strategy with respect to
the non-shared and shared types is demonstrated clearly
within the above discussions. Then, based on the standpoint
that the wafer fabrications of the non-shared and shared types
(as a unit) are mutually independent, the process steps of these
two parts can be concatenated and executed with the swap-
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with-wait operation to construct the multiplex swap sequence

(MSS), e, 1[r?*"n1 zrg—mlz - p0-mer

l_f;,(y(ll’g))ﬁﬂﬂ(l,o)f N 1"};1(9(11’,11))*#190,1)_ N rfl;l(gil’g))anl,“_g)]l .

[r(lf—)nl_)_z) ]"_(2)1—’"2 — ... _: rg__—:/lnk—y - rjl;z(’(zg))—wﬂ(z’o)_l .

l—f;?(zzll)) Moo= l_fl;z(,(; ;)) nza<2,g)]2 N [1_(1]_)”1 _

F(z)_mz - - Fi——;nkﬂ - rf;%;f;?; Hiro ™! N 1”; é";v’«ll))_”‘é(y,lfl
3 9y,

R p— ]'f;?;}:;)) (67 s)]y.

B. Temporal Analysis

According to the results in [11], [14], we can easily draw
the conclusion that the time needed for completing a wafer of
type A at process step y is 1 + wfﬂ + 7. In consideration of
the concurrent mechanism featured by two aspects, i.e., the
parallel PMs and the parallelized structure that are formulated
by the shared and non-shared PMs of the shared wafer types,
we characterize such specification by introducing two
coefficients: m,, and £y, where m,, is the number of parallel
PMs of PS;,; and £y, = 1if A e Ny or u = uj; otherwise, {y,
=y. Thus, the production cycle time of PSy,, 4 € Ny, e N,
is

R
Wy, + Ty

l»[//ly = (1)

m/l,u,z/lu
In accordance with the MSS, the process step sequence that
will be performed is easily identified. Given the preliminary
assumption along this paper, the elementary operation during
each process step is performed with swap-with-wait policy.
Then in the oth subcycle, the executed process step sequence

0 -1
. O—>n1 O—>n2 0_‘nk—y 1‘)(0’,0)4)#19(0',0)
1S l[rl 2—> Fz [ — rk—/l l—g(o-,O) —
-1 & N
o) " H9o1) Woe) 1(08)
l'f;((r’l) - ... > IJI;(WS) ]o- Thus, the robot

activity sequence is [Ti0 P Tin, = Y20 P Top, — --- —
Y0 B Y-y, — Tﬂ(mo)ﬂg(mm &P ‘I’ﬂ(mo)%(mo)_l)
Loud, S Lownud,,-n = - 7 Towens,,
Yo(oempes]- Consequently, the robot cycle time in the oth
subcycle is

—

k—y e-1

o+1 o
Yor=1) nmatk-y+ E (ﬂﬁJ(r(r,(sH) _ﬂﬁ(o-’g)) +Ny(oe)
=1 6=0

o+1
o=1 o)~
& P R
Ky T NEHO+ Y D @l + @i
= — 0
o 0”_”17(0,6)
ny(ce) k=y my

P R P R
D) @y W)t ) D @hyt o).

H=5r.5) A=1p=0
(2)

With the MSS, based on the previous analysis, when the
system arrives at the steady state, the wafer fabrication
process in dual-arm cluster tools presents a cyclic serial one.
Hence, the cycle time for completing a wafer at each step and
the robot cycle time are identical. This is unified as the system
production cycle time, denoted as . Thus, ¥ 1 e Ny, 0 e N,,
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we have
V=g =Y ==, (3)

¥ =Yor. “
Equations (3) and (4) present the basics for scheduling
cluster tools with multiple types of wafers within the steady
state, as well as the properties with respect to the temporal
relationship and productivity between each pair of modules
under cyclic operations. For the wafer fabrication within each
process step in the steady state, as revealed by (3) and (4), one
should and must keep the same production rhythm, which can
be guaranteed via alternative approaches including adjusting
the wafer fabrication starting time and the robot waiting time.
As for the robot, due to the anisotropic distribution of the
process step chain among two adjacent shared process steps,
its activity cycle usually emerges as a dynamic one resulting
in unstable work cycle and error propagation of the wafer
fabrication in PMs. To obtain a stable robot activity cycle, in
the bottom line, for V 6 € Q.1 = N,_; U {0}, i, j € Ni_y =
Ny\Ny_,, and i # j, we must ensure

#;_Hl_l
W =0 = 1) +6) + Z (! +wk)
p=pf+1
H§+I_l
=@ - =D+ > @ +el)  (5)
=+

n;i
=g =D +0)+ > (wh+of)
p=pf+1

nj
= (nj— 5 = D) +6) + Z @h +wf).  (6)
p=ps+1

According to the assumptions with respect to the shared

process steps, i.e., V6 € Qo 1,1, j € Ni_y, andi#j,Jof, =
i

P

? ,and Wl = R
i I

* s» we thus have
Hi

JH

ﬂ;}+l_1

-+ 0+ D (wh + o)
=

ﬂ6.+1—1

J
=@ -0+ > (@ +ol)
=i
J

@

nj
(= + D +0)+ Y (wh +wf)
u=p

nj
=(nj— g5+ D+ + > (@h+af).  (8)
u=p
Consequently, for the tools’ operation in the steady state, (2)
should be updated to
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k=y
Yor = [Z ny+k—y+nyge + 11w +6)
=1
k— -y ny nYy(o.g)
+ Z Z (w/lu + w/ly) + Z (wﬁ(o' ) + wl?(o‘ s)u)
=1 u=0
= YR, +Yor,- 9)
where
k=y
YR, = (Z ny+k—y+nyee+ (T +6) (10)
=1
k—y ny nY(o.g)
Vor, = Z Z (h, +of )+ Z (@ o+ Doy (1D
A=1 u=0 u=0

C. Workload Analysis and Balance

Due to the incongruous parametric distribution and the
fierce resource contention that occur in the shared PMs, the
system workload imbalance probably deteriorates to a severe
level such that additional measures are needed, apart from the
robot waiting time adjustment that is widely applied in [13],
[14], [17]-[18], [22]-[25]. To tackle with these issues and
realize stable cyclic operations, we adopt the virtual module
technology that is introduced in our earlier work [46]. In the
internal layer, we import [maxieNkﬂ {uil - u?} - (uﬁ - ug)](n +
) (resp., [max;qu {n; — uf} — (na — p)l(x + 0)) virtual
modules as well as the regulating waiting w){” (w‘ﬂ/") before
(resp., after) the first (resp., final) shared process step. Since
there is no buffer between neighboring PMs, we have to
allocate virtual robot operation to the process step u7 — 1. In
the external layer, we set ;3 —1 virtual PM groups for each
wafer type. In particular, the shared types are regarded as an
individual group, i.e., Mk—y+1 = Mh—y+2 = --- = 1k = 1,. Then, (1)
for computing the production cycle time of PSj;, should be
updated as

Equ(m+6) +7r+u)§ﬂ + Ty

= 12
Yo m/l,ug/l,un/l (12)
where
max {/1‘5 e A .
leN
b= ifp=pl-1.0eNsen\1y (19
0, otherwise
r ST +0)+m+ay,
X maud) 1
HENn, S Ap
- i 14
R i 5 (14)

and [x] indicates the smallest integer that is not less than x.
Then, the lower and upper bounds of the production cycle
time of PS;,, respectively are

Ep(m+0) +7r+a)§ﬂ +ayy,

(15)

lﬁ/lyL =
mauduna

R

fﬁﬂ(n+9)+n+ww+am +Bau

myulauna

Equation (12) characterizes not only the production cycle
time but also the workload range of each process step under a
specific schedule. Because the specification defined by (12)
includes the robot waiting time, we call such a workload as
the scheduled workload that has a close relation with the robot
cycle time. Their algebraic relationships can be maximally
characterized by the coefficient 7,. Consequently, the
optimum quantitative proportion of the wafer types can be
determined as follows:
PR IO PO EUSRS B BN B

m o m Nk—y  YMk—y+1  YMk—y+2 Yk

After configuring the virtual modules, the robot activity
cycle can be converted into a reductive specification as
follows:

(16)

Yauu =

6+] o .
Yor ‘(Z"‘”Z max -+ Lnix {nj—u3}

=1 o=0 € JeN,
k—y my
P R
+hk—y+ 1)(n+e)+ZZ(wﬁ# +wf )
A=1 p=0
Ny (o,e)
+ Z (0‘)19(0' E)U + wﬂ(o‘ 6‘)/.1) + wz?(o- £) + wﬁ(o‘ £)
n=0
= ch + wo—Rw (1 8)
where
k—y e-1
YR, = (Zm + Z max { " =} + max {n; —5)

=1 520N, e
+k—y+1)(m+06) (19)
k=y na 1(0e)

— P R P R

wO'Rw - Z Z (w/lu + wxly) + Z (wﬂ(a',s)p + wﬁ(o‘,e)}l)
A=1 u=0 u=0
Vi Va

+ wﬂ(o’,s) + wﬂ(o‘,e)' (20)

It should be noticed that ¥, is a predeterminable constant
related to the inherent characteristics of the system including
the WFP, processing times, and robot activity times, whereas
Yor, shall be determined by the specific schedule pursued in
this paper. By using virtual module technology, we can
alleviate the process step bottleneck in both internal and
external layers. Moreover, when the system runs in the steady
state, it can be inferred from (3), (4) and (12) that the wafer
sojourn time at PS,,, is

@n

T = maplagtath = [Equ(m+0) + 1+ f .

IV. SCHEDULABILITY AND SCHEDULING

By this point, we have discussed the robot operation
strategy and the corresponding temporal properties. The
sequential work is to verify the feasibility of the target
schedule that satisfies (3), (4) and WRTCs, i.e., Y, € [YauL,
Vv, simultaneously. To be specific, the problem converts
into how to clarify the wvariational mechanism of the
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production cycle time based on the limited manufacturing
information that can be known in advance. Although such a
solution cannot be derived directly, we can handle it by
analyzing the distribution characteristic of the natural
workload of PS,,. Removing the robot waiting time wfy from
(12), we can obtain PS),’s natural workload ¢,,, and its lower
and upper bounds as follows

Ep(m+0)+m+1)
oy =2 g 22)
maulauna
Ep(m+O)+m+a,
o= : (23)
maulauna
f,{ (7T+9)+7Z’+a/1 +ﬁ/1
v == —. (24)

myulauna

Let ormax = maX{So/l,uLa A eNy,ue Nm} and @umin =
min{eyu, 4 € Ni, 4 e N, }. Next, we investigate the
systematic schedulability under the diverse distribution
characteristic in manufacturing parameters.

A. Situation With m/leNk,yean [pauL, paul # 0

When (e peers,, [@auL pauu] # 0, (3) and (4) are easy to
guarantee without excessive intervention by the robot. The
remaining problem is to deconstruct the wafer residency
mechanism in PMs as well as its relationship with the
systematic schedulability. Based on the value of Y, as shown
in Fig. 2, the manufacturing parameter distribution can be
divided into three cases: 1) Yr. < @Lmax> 2) PLmax < YR, <
@Umin, and 3) Yr. > @umin- Then, we have the following
theorem.

Case | Case 2 Case 3
Ps, :
P+
[
[ Pig+1
[ ?; |
Wre Pimax Yre  Pumin Ve Time

Fig. 2. Illustration for Theorem 1.

Theorem 1: For the time-constrained dual-arm cluster tool
with (Vaew, yew, [@auL- a0l # 0, if YR, < @Umin, then, the
system is schedulable; otherwise, it is not schedulable.

Proof: Case 1: Let wfo = QLmax — YR, and assign zero to the
rest of robot waiting times. Then, we have Y sr, = @Lmax — ¥R,
and the robot cycle time Y,r = Yr, + YoR, = PLmax- Thus, the
time taken for completing a wafer in each process step is
¢Lmax in the steady state based on (3) and (4). Therefore, ¥ =
Yau = WoR = PLmax> 4 € Ni, 1 € Ny, 0 € N,,. Then, from (21),
we have Ty, = mylyny — [Epn + 60) + 1 + W] =
Myl ymaimax — [Eqm + 0) + 1] 2 mpdymalau(m +0) + 7 +
@ )/(maplama) — [Eq(m +0) + 1] = aay, and 7, = madymay
— [Eyln + 0) + 1 ] = mydyanar, — [Eulm + 0) + 7] <
Myl ymapumin — [Eau(m + 0) + 1] < maulymalEam + 60) + 7 +
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@t Bl (malayma) — [ +0) + ] = @y + Bays 1.6, Tay €
[@au, @i + Bl In other words, there is enough time for
completing a wafer in each process step; besides, the WRTC
of each process step is satisfied. Thus, the system is
schedulable for Case 1.

Case 2: For this case, let all the robot waiting times be zero,
such that Yz, = 0 and the robot cycle time Y,r = Yr, + Yor,
= yg,. According to (3) and (4), in the steady state, the time
taken for completing a wafer in each process step is forced to
be Yr,, ie, ¥ =Y =VYor = YR, A €N, pe Ny, 0 e N,
Then, from (21), we have 7, = ma(ymay — [Ea(m +0) + 1 +
wﬁ?ﬂ] = mmé’mﬂw&. - [5/1;1(” +0)+n]> mlu{lunﬂd’Lmax -
[Eau(m +0) + 1] = mylyamaléau(m + 0) + 7 + @) (maudayma)
— [éxulmr +0) + 7] = @y, and Ty = mydymay — [Exu(m +6) +
T+ wf,l] = Myl AR, — [Eqdm + 0) + 1] < magdaumaPumin —
[plr + 0) + 7] < mydymléydn + 0) + 1 + ay, +
Baul/(malyuma) — [Equ(m + 0) + 1] = @y + Bay, 1.6, Tay € [@as
@, + Bau]. This means that the WRTC of each process step is
satisfied. Thus, the system is schedulable for Case 2.

Case 3: It is clear that the production cycle time ¢ > g, if
the system is schedulable. According to (12), (18), and (21),
we can easily deduce that Yo, > (¥ — @Umin)Maulaia- Then,
Yor = YR T Yor, Z YR+ (¥ — QUmin)Mulauna > Y, + W —
YRIMy iy = ¥+ (maglyma — D — ¢r.) > ¢. Thus, there
always exists ¥,z > ¢ violating (4) no matter what schedules
we adopt. This implies that the system is not schedulable for
Case 3. [ |

Summarizing the aforementioned discussions with respect
to the situation with AN el [auL,pauu] # 0, we present
Algorithm 1 to find the periodic steady state schedule for
time-constrained dual-arm cluster tools with multiple wafer

types.

Algorithm 1 Scheduling time-constrained dual-arm cluster tools
with multiple wafer types for Ny pen,, [LapL, @201 # 0

Input: WEFP, Qus ﬁﬂ,u’ p, 0

Output: y, Ropi, wfﬂ, wfy, w/‘{", w;/“

1 CalCUlaﬁng $PLmax, $Umins 171, Ropl, and UR.s
2 if Yr. < pLmax then

3 ¥ QOLmaxs

4 wfu<—¢—¢RL_, ifA=1andu=0;

5 Otherwise, “’5,1 «—0;

6 wfﬂ — 0,1 eNg, ey
7 w/‘{/” — 0,0 —0,2¢ Ni_y;

8 else

9 if YR, < PUmin then

10 Y= YR

11 wf#<—0,w§#<—0,/leNk,,ueQm;
12 w00 —0,1eN_;

13 else

14 the system is not schedulable

15 end

16 end

B. Situation With m/leNk"ueNn/{ [oauL, pauul = 0
As revealed in the above statements, if the systematic
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manufacturing parameter distribution is characterized with
Maewy, pe, [Paurs @au] # 0 and g, € (~co, ¢Umin], We can
find the feasible schedule with no effort since there is no more
interference when regulating the robot waiting times.
However, there are still possibilities of (1) AeNk,ueN,,ﬂ[‘PﬂuL:

@auu] = 0, i.e., PLmax > QUmin- Let S = {1 e Ny, u e Ny, o0
< ‘PLmax} R = {/l eNg, ue N}u, QU = ‘PLmax}, Gg = {17 2,
ol =13, GG = (e, w1, L, T = 1}, and G = {8, 14
+ 1, ..,m}éeNsl,ﬂeN . Let ¥ = @QLmax —

[Z/leNk e SZyean s + 25 Omax/lgNl‘ mgzﬂegﬁng](‘PLmdx
epu)m . Likewise, based on the value of WRC» as shown
in Fig. 3, the manufacturing parameter distribution can be
divided into three cases: 1) Yr. < ¥, 2) ¥ <yYr. < @Lmax, and
3) ¥R, > ¢Lmax. Then, we have the following theorem.

Theorem 2: For the time-constrained dual-arm cluster tool
with (N AN N, [oauL.eau] =0, if yg, < ¥, then, the system
is schedulable; otherwise, it is not schedulable.

Case 1 Case 2 Case 3
PS,, :
Diu+1)
[ Du
[ Pig+1 ]
Py |
Yre Y PUmin YRPLmax Vre Time

Fig. 3.  Illustration for Theorem 2.

Proof: Case 1: For the sake of simplicity, let }}; and ),
denote e, yﬁSZNENn/I ns and X5 oMAX ek QSZMG@mS,
respectively. Due to (e, ,ueN,u[‘p/lﬂLa oapul = (Z) we cannot
find a feasible schedule such that ¥ € (—co, ¢Lmax). Thus, the
production cycle time  should belong to [@rmax, +00) if the
system is schedulable. Let wfﬂ = Ml yMPLmax — [Eau(m + 0)
trtaytBiul,eNenS, ueN, NS, andwffy:O,/l e Ny
N R, # € Ny, N R. Then, we have yqg, = Zﬁ:y '”_ (a)P
w/ly) + Znﬂ(”’f)( 1?(0'8);1 Tw 1R;(0'8)}l) + 1‘9/270'8) + 7‘;(0'.9) [Zl
22)(@Lmax — @auu) My + sk o Z'”_Ow b 1t follows from
YR, < ‘PLmax - [Z1 + 22)@rmax — @awImadama that
Z/lzl Zlo A = Yor, — [21 1 2ol(@Lmax — auu)malama =
$PLmax — [Zl + ZZ](SDLmax - ¢AﬂU)mlﬂ§lﬂnﬂ - l//RC > 0.
Therefore, we can find a common solution ¢pmax for ¥, and
YoRr, 1.6, ¥ =Wy = Yor = PLmax- Based on Case 1 of Theorem
1, it is clear that each process step belonging to R satisfies the
residency time constraints. For the robot activities in S, we
= mydaynay [Ep(m + 6) + 7 + wfﬂ] >
MW s — [Eq(m + 60) + 7 + wfﬂ] = my € + 6)
o tayt wfﬂ]/(mauﬁpm) —[€ulm +0) + 7 + wf,,] = @y,
and Ty, = madymy [Ep(n + 6) + 1 + o] <
[Eaulm +6) + 7 + (PLmax — Ca)Madydial =
Qu — B/l/t) =ayut B/l,u, ie.,

have 7y,

M 3 APLmax —
Ml AT APLmax *(QDLmaxm/lug/lyn/l -

Tau € (@au, @y + Baul. Thus, the WRTC of each process step
belonging to S is also satisfied. In consequence, the system
can be scheduled for Case 1.

Case 2: 1t is clear that the production cycle time ¥ > @ max
if the feasible schedule can be found. From ¥ < ¢z, < ¢Lmax,
we have [Z] + ZZ](QDLmax - SD/I/JU)m/l,u{/l,un/l > $PLmax — ‘;l’RC~
Then, yor = l»[/R[ + YoRr, = Yr, t (21 + 22)(PLmax — QD/I,uU)
mudyinn + X LD YN 7 R S DR D (2
GAuIMAl = W& (21 + 22000 — oLma )Ml + [ 21+
2ol(@Lmax — QuuImaydyna > Yro t (X1 T Xl -
@Lmax)mﬂpg/lpnﬂ + QLmax — Yr. [21 + Zz](lﬂ -
CLmax)Mulutlr + @Lmax > . Thus, the schedule is infeasible,
i.e., the system is not schedulable under the above two
conditions for Case 2.

Case 3: It follows from ¥r. > ¢Lmax > @Umin that ¥ > yg, if
the system is schedulable. Then, Y,r = Yr, + Yor, = Yr, +
(21t 22](@Lmax — auv) maplama + Zl;;)ll Zzlowﬂﬂ Z YRt
(21 + 220 — oquuImadaain > wr. + O — @Umin)Mmaudyna >
YR, T W —YrIMylyma = ¥ + (maglayama — D — ¥r) > ¢
Thus, any feasible schedule matching the steady state
requirements cannot be found, i.e., the system is not
schedulable for Case 3. [ |

Summarizing the aforementioned discussions with respect
to the situation with AN N, [Py, pau] =0, we have
Algorithm 2.

Algorithm 2 Scheduling time-constrained dual-arm cluster tools
with multiple wafer types for N A€y peet,, [PauL vl =0

Input: WFP, aﬁﬂ,ﬁg,,, p, 0
R Vb Va
Output: y, Ry, w/lﬂ, W W) b, w);
1 Calculatlng $Lmax> PUmin> 115 R()pla and YR
2 if yr, < pLmax then
3 ifyg, < ¥ then

4 ¥ < ¢YLmax;
5 W}, < 0,2eNenR.ueNy, NR;
6 U)l;ll — My daunaleLmax — pauul,
AeNNS, ueN,, NS ~’

7 Ay — maXtENA mSZ/eG"mS [(PLmax %/U]

ZHE@ﬁ ns [S"Lmax (leuU] A€ Nk ¥ 0 €Ng_y;
8 /l(#{s he Ml yabas, A € NK_ 0 €Ny
9 wh, <—0 AeNk ,ueG“\{ul—l} §eN,_q;

k 0
10 of, <0, Aeny y,/.teG uGém{O},

1
11 W' R ZZ‘O wm,l/IEN

1 <—maxzj o wu
12 0 —maxy" R -3 R iaeNt
1 2/=ﬂf i Zu =y A k=y>

13 wf#<—0,/l e Njoy \{1}, € Qo
14 a)fﬂ<—0,ueN,,|;

15 wf “— ¢YLmax — YR, — [ 7t Zk 4 Z wlﬂ

+ L, + 3 DN s
ﬂzo(wiﬂ R) + wv“] VieNE )

16 else

17 the system is not schedulable

18 end

19 else

20 the system is not schedulable

21 end
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C. Discussion

In Section III, we propose a novel robot operation strategy
and the corresponding workload balancing methods. They
provide a comprehensive approach to cope with the
concurrent processing of multiple wafer types in dual-arm
cluster tools. Combining with the schedulability criteria
provided in this section, we can summarize the procedure to
find the feasible cyclic schedule for dual-arm cluster tools
with multiple wafer types and residency time constraints. As
for the performance of the proposed algorithm, we have the
following theorem.

Theorem 3: If the mixing ratio of the production order
coincides with Rop, the schedule obtained by Algorithms 1
and 2 is optimal in terms of the cycle time.

Proof: Assume that the lower natural workload of PS;,, 4 €
Ni, p e Ny, @aur 18 equal to ¢rmax. For the situations covered
by Case 1 of Theorems 1 and 2, if the system is scheduled
such that < ¢rmax, then, according to (21), for the PS;,, we

have 7y, = mylymy — [Ey(r + 6) + 71 + wfﬂ] <
M yPLmax — [Equ(m + 0) + 1 + wﬁﬂ] = Ml unap L —

[ +0) + 7 + w’jﬂ] =ay - a)’;# < a . Thus, such schedule
is infeasible. For the situation defined by the Case 2 of
Theorem 1, if the system is scheduled such that ¢ < g, then,
according to (3) and (4), we have y,r = ¢ < ypg  that
contradicts with the definition of the robot activity cycle.
Therefore, such schedule is infeasible. In conclusion, the
system driven by the obtained schedule can reach the lower
bound of the production cycle time, i.e., the minimal cycle
time. By considering the presented schedulability conditions
that are constructed in terms of the quantitative proportion
(see (12), (17), and (21)), the entire wafer types will be
completed simultaneously within the identical processing
cycle. Thus, the system can keep working throughout the
whole processes with the minimal cycle time under the
supposed conditions. [ |

As stated above, the tool system can operate in the lower
bound continually on the basis of the assumption that the
mixing ratio of a specific production order is equal to Rop.
However, the mixing ratio is inconsistent with R,y in many
scenarios. In such cases, although the obtained schedule may
no longer be the optimal one, it is still efficient due to the
simple computation and implementation. In addition, we can
adopt the virtual wafer technology, as implemented in [13],
[14], to coordinate the robot activities. More specifically, we
need to configure the mixing ratio in accordance with Rop; by
adding virtual wafers minimally. After configuring, thus, we
have (k1 + k) @ (k2 + &) @ = @ (ke + &) = Ropt, where &)
denotes the number of the added virtual wafers of type A.
Given the WFP of a production order, one needs to calculate
the cycle time of n, process steps for the A-th type of wafers.
Thus, the computational complexity of the presented
algorithm is O(n, X K). However, by considering that n; < 6
and K is limited in practice, the presented approach is
efficient and applicable to industrial cases.

V. EXAMPLES
In this section, we give several examples to demonstrate the
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effectiveness of the proposed algorithm as well as its
implementation approach.

A. Illustrative Examples

Example 1: The processing paths of the first, second, and
third wafer types are [LL — PM; — PM;, — LL], [LL — PM3
— PMy — LL], and [LL — PMs — PMg — LL],
respectively. The processing parameters are as follows: x; =
240 pcs, ay; =286 s, B11 =268, a1y =264 s, 812 =30s; ki =
180 pcs, az1 =128 s, 821 =15 s, app = 110's, B2p =28 85 k3 =
600 pces, a3z = 120 S, 631 =24 S, @32 = 133 S, 632 =17 S, 0= 8
s,0=3s,71=19s.

For this example, the WFP is {(1, 1), (1, 1), (1, 1)}. Then,
Yr, = (X3 ma+3)(x +60)=198 s, =2,7,=3,and 3 = 1.
Thus, we have @111 = 194 s, @110 =207 s, @121 = 204 s, @120
=213 s, o1 = 196 s, 210 = 206 s, @201, = 202 s, ooy = 211
S, Y31 — 204 S, 31U = 218 S, @321, = 185 S, and Y320 = 206 s.
Then, m/lGN},,uENn/l[()o/ll—lLﬂ oyl # 0, and Yr, < rmax = 204 s.
Hence, the conditions given by Case 1 of Theorem 1 are
satisfied. According to Algorithm 1, a feasible cyclic schedule
can be obtained by setting ¥ = ¥4, = Yo = PLmax = 204 s, wfo
= ¢Lmax — Yr. = 6 s, and the rest of robot waiting times are
equal to zeros. The optimal quantity ratio of wafer types is
Ropt = 3 : 2 : 6. Thus, the quantities of the virtual wafers added
necessarily are as follows: x| = 60 pcs, k3 = 20 pes, and k3 =0
pes. Fig. 4 depicts the Gantt chart of the obtained schedule.

Example 2: The processing paths of the first and second
wafer types are [LL — PM; — PM; (PM3) — PMy — PMg
— LL] and [LL — PM; — PMs — PMg — LL], respectively.
The processing parameters are as follows: x| = 480 pcs, a1 =
145 s, 511 =16s, ajp =145 s, B2 = 16 s, a13=145s, Bi3= 16
S, 14 = 145 S, 614 =16 S, Ko = 200 pcs, a1 = 348 S, le =24
S, a2 =326, B0 =28s,a3=1455s,B23=16s;p=10s,60 =
2s,m=22s.

For this example, the WFP is {([1], 2, 1, [1]), ([1], 1, [1])}.
Then, yp. = (4 + 1) x (22 + 2) = 120 s. Thus, we have ¢, =
118 S, Y11U = 130 S, Y121, = 116 S, 12U = 123 S, Y131 — 117 S,
o130 = 130's, @141, = 103 s, o4y = 128 s, 21 = 118 s, o1y =
130 s, oo, = 109 s, ooy = 124 s, @31, = 103 s, and @3y =
128 5. Then, m/leNz,,ueNn/1 [@aur, eauu] # 0, and prmax (118 s) <
Yr, (120 ) < @umin (123 s). Hence, the conditions given in
Case 2 of Theorem 1 are satisfied. According to Algorithm 1,
a feasible cyclic schedule can be obtained by setting ¢ =y, =
Yor =Yg, = 120 s, and all the robot waiting times are equal to
zeros. The optimal quantity ratio of wafer types is Rope = 1 : 1.
Thus, the quantities of the virtual wafers added necessarily are
as follows: x| = 20 pes and «5 = 50 pcs. Fig. S depicts the
Gantt chart of the obtained schedule.

Example 3: The processing paths of the first, second, and
third wafer types are [LL — PM(PM;) — PM3 — LL], [LL
— PMy —» PM5 — LL], and [LL — PM4 — PMs — PMg —
LL], respectively. The processing parameters are as follows:
k1 =580 pcs, a11 =145 s, 811 =16 s, @12 =348 s, B12 =24 s;
k2 = 600 pcs, ap; =326s, 821 =28 s, app = 3268, f2n =28 s;
k3 =550 pcs, a3 = 156's, B31 =15, a3 =139 s, B30 = 18 s,
a33=1458,B33=168;p=65s,0=2s, 1 =14s.

For this example, the WFP is {(2, 1), ([1], [1]), ([1], [1],
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Module| i
PM. W, A W,
PM. | | Cw ]
PM, Cw ]
PM,
PM.
PM,
Robot T
start-up transient process steady-state process
‘ beginning of the 480th work cycle
I — [ ] [] N [] 11 ]
[ | ]
—"—'
[ 11 [ ] [ ]
al Wy | A Wy
[ ] I Wy r Wy il Wy
] [EETEE T I [EEEEE] [EEEET] I [T TR TR |
| steady-state process close-down transient process
beginning of the 540th work cycle
close-down transient process
Wy A Wy A
Wy 1 Wy 1
W, A Wy A Wy A
Wy i Wy i Wy i v
MNTNT  (NUNRTETACNT  (NTNT AT TR [T
| close-down transient process Time (s)
i 1
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Fig. 4.  Gantt chart of the obtained schedule for Example 1.
Module
PM,
PM,
PM,
PM;
PM,
PM,
Robot
. wafer processing D wafer sojourn after its processing D virtual robot tasks Time (s)
. robot loading . robot unloading . robot rotating . robot swapping
Fig. 5.  Gantt chart of the obtained schedule for Example 2.

1)}. Then, yg, =(3+4) x (14+2)=112s,;71=2,and p =13
=1. Thus, we have P11L = 123 S, Y110 — 129 S, Y121 = 128 S,
p1ou = 1428, o1 = 114 s, 21y = 135 s, o1, = 1328, ooy =
150 s, o310 = 114 s, @310 = 135 s, 3o, = 1328, 300 = 150 s,
p33L = 122 s, and @33y = 130 s. Then, ey, pen, [auLs Pauu]
=0, and @rmax = 132 s > Yg,.. Meanwhile, @11 < ¢rmax and
©33L < @PLmax- However, ¢Lmax — (PLmax — @UL)M11{1171 —
(PLmax — $330)m33d33m3 = 132 — (132 - 129) x 2 x 2 x 1 —
(132 -130) x 1 x 2 x 1 =116 s > yg,. Hence, the conditions
given by Case 1 of Theorem 2 are satisfied. According to
Algorithm 2, a feasible cyclic schedule can be obtained by

setting ¢ = Yy = Yor = Yr. = 132's, w11 = (Qrmax —
euLmudim = 12's, w33 = (PLmax — @3LMNEM1 = 4 S, 0)°
=4s, wfo =4 s, and the rest of robot waiting times are equal
to zeros. The optimal quantity ratio of wafer types is Rop = 1 :
1 : 1. Thus, the quantities of the virtual wafers added
necessarily are as follows: k] = 20 pes, k3 = 0 pes, and &5 = 50
pcs. Fig. 6 depicts the Gantt chart of the obtained schedule.

B. Schedule Implementation

As outlined in the previous sections, the cyclic schedule
obtained in this paper is applicable to the steady state process
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Module
PM,
PM,
PM,
PM,
PM,
PM,
Robot
D wafer processing D wafer sojourn after its processing D virtual robot tasks Time (s)
H robot loading . robot unloading H robot rotating . robot swapping ﬂ robot waiting
Fig. 6.  Gantt chart of the obtained schedule for Example 3.
TABLE I
COMPARISON OF TYPICAL WORKS
Considered constraints
Typical works Tool type
Quantity of wafer types (k) Shared types Parallel PMs WRTCs
Lee et al. [54] Single- and dual-arm cluster tools k=2 No No No
Lee et al. [55] Single- and dual-arm cluster tools k=2 Yes No No
Ko et al. [56] Dual-arm cluster tools k>2 No Yes No
Wang et al. [46] Single-arm cluster tools k>2 Yes Yes Yes
This paper Dual-arm cluster tools k=2 Yes Yes Yes

only. Before entering the steady state process, as known, the
system will go through the start-up transient process that starts
from the time the cluster tool begins to accept raw wafers to
the point at which the full work cycle (i.e., the steady state) is
reached. More crucially, the obtained steady state schedule
demands distinctive requirements for the tool status while the
cluster tool is going to the steady state. That is, the detailed
status before the steady state must be compatible with that
required by the obtained schedule. Thus, the robot activities
during the start-up transient process should be accurately
dispatched such that the system can converge to the desired
state smoothly. When there is no longer raw wafers that are
loaded into the tool, the system begins to go to the close-down
transient process. Although the obtained schedule demands no
special requirements for the tool status during the switching
process, which is different from what the start-up transient
process requires, we continue to hope that the close-down
transient process can be sped up as soon as possible. Despite
some studies with respect to the transient process scheduling
for the single-wafer-type fabrication [48]-[53], none of them
can be applied to the multi-type one. Thus, corresponding
issues remain challenging and open. However, the primary
goal pursued in this paper is to find the feasible cyclic steady
state schedule and then implement it successfully. Inspired by
the methods presented in [13], [14], we adopt the virtual wafer
technology to avoid the transient state for implementing the
obtained schedule.

We take Example 1 as an instance to illustrate how to avoid
the transient state by using the virtual wafer technology. We
first assume that the system has been in steady state and each
PM is occupied by a virtual wafer (denoted by Wy) at the tool
boot time. In both the start-up and close-down transient

processes, the cluster tool is manipulated in accordance with
the obtained steady state schedule. Specially, in the start-up
transient process, the robot catches the real wafers and loads
them into PMs, and the system will not reach the steady state
until all the virtual wafers in PMs are replaced by the real
ones. Such operation process is illustrated in Fig. 4, and it
shows that the system begins to get into the steady state
during the fourth work cycle. In the close-down transient
process, the virtual wafers will be loaded into the tool as the
supplement of the real ones. This manipulation will be
continued until the entire real wafers complete their
processing at the entire process steps. As shown in Fig. 4, the
final wafer of the first (resp., second and third) type will
complete its processing at the first/final process step during
the 480th/482nd (resp., 540th/543rd and 600th/601st) work
cycle. Note that the robot operations involving the virtual
wafers aim at guaranteeing that the system keeps running
according to the steady state schedule throughout the whole
processes including the start-up transient, steady state, and
close-down transient process. It is clear that this is easy to
realize.

C. Comparison With Existing Works

Table I summarizes typical works with respect to the
scheduling of multiple wafer types. In our earlier work [46],
we investigate the scheduling problems of single-arm cluster
tools with multiple wafer types and WRTCs. In this paper, we
conduct these issues in dual-arm cluster tools. Compared with
single-arm cluster tools, dual-arm ones present distinct
characteristics in multiple aspects such as the robot operation
strategy, temporal properties, and systematic schedulability,
due to the widely different structures. Thus, compared with
the work [46] for single-arm cluster tools, this paper for dual-
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arm ones is not a typical epsilon difference work, even though
both of them assume identical constraints. Compared with
previous works [54]-[56], this paper achieves some
progresses on the scheduling and control of dual-arm cluster
tools with multiple wafer types being concurrently processed.
First, WRTCs are not considered in [54]-[56], while they are
taken into account in this paper. Second, the work in [54] and
[55] merely address the concurrent processing of two wafer
types, whereas [56] and ours can handle more than two types.
Third, parallel PMs (i.e., series-parallel wafer flow patterns)
are not considered in [54] and [55], but they are conducted in
[56] and ours. However, the approach in [56] assumes that
each wafer type has identical wafer flow patterns, whereas
ours does not make such an assumption, as shown in
Examples 2 and 3. Finally, for revealing the PM sharing
behaviors, we investigate both non-shared and shared types
via an integrated framework, as shown in Example 3, rather
than conduct only one scenario, i.e., either non-shared types
[54], [56] or shared types [55].

VI. CONCLUSION

This work focuses on the scheduling problems of dual-arm
cluster tools with multiple wafer types and residency time
constraints. A novel robot operation strategy, namely the
multiplex swap sequence, is proposed to realize the stable
mixed-model wafer fabrication. Based on this novel strategy,
an easy-to-implement robot manipulation sequence for
manifold flow patterns can be produced effortlessly. To
balance the uneven workloads among process steps, a virtual
module technology is developed. In addition to the presented
necessary and sufficient conditions for schedulability testing,
efficient algorithms with polynomial complexity are
developed to find the cyclic schedule. The methodology
presented in this paper can handle diverse complex multi-type
wafer flow patterns. Meanwhile, its correctness, effectiveness,
and adaptability are validated by illustrative examples.

More significantly, several orientations deserve further
explorations. First, there is still room for improvement. For
instance, how to find the optimal schedule when the actual
quantitative proportion is not equal to Ry ? Especially, how to
tackle with the scheduling problems when the shared types
have different processing parameters at the shared steps?
Second, it remains open and challenging for the scheduling
and control problems with respect to the concurrent
processing of multiple wafer types considering diverse
operational requirements, e.g., revisiting processes, activity
time variation, and cleaning operation. Third, it is of
significance to investigate the concurrent processing of
multiple wafer types within different tool architectures such as
in-line cluster tools [4] and multi-cluster tools [2], [3]. In
brief, these aforementioned topics deserve more attentiveness
and we will investigate these issues in the future work.
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